Abstract. Earlier speculation that evapotranspiration from forests and the consequent soil water deficits under forests are factors in the production of floodwaters w,«.s verified by a paired watershed experiment. Mature hardwood forest on a 108-acre catchment in the southern Appalachians was clear-felled after an 18-year calibration period. No forest material was removed, and no overland flow (surface runoff) occurred. A statistical analysis of all major storm hydrographs before (77) and after (30) clearing revealed that after felling stormflow volume (quick flow) was significantly (0.001 level) increased 11% overall, or 023 inch at the mean quick flow volume of 2.1 inches. Peak discharge increased slightly after felling (about 6 cfsm or 7% at the mean peak flow of 92 cfsm), but the test was not as conclusive as in the case of quick flow volumes. Time to peak (time of rise), recession time, and quick flow duration were tested to an accuracy within 10% of their respective mean values (0.05 level), but no treatment effect was detected. Quick flow increases due to felling ranged from 0 in small floods to 1.9 inches during a record 7-day flood sequence. The latter value represented a 22% increase over the total quick flow (8.7 inches) expected during that regional record flood. The effect of forest evapotranspiration on floodwater released by deep-soil slopes persists throughout the year, a result explainable by the variable source area concept of runoff.
INTRODUCTION
Since the earliest debates on forest influences, foresters, engineers, soil conservationists, and hydrologists have speculated on what happens to the size and frequency of floods when forests are cleared from the land. Recently Klein [1969] put partial blame for the frequent flooding of Florence, Italy, on the clearing of forests from the uplands a thousand years ago. However, engineers have often said that forests have little effect on such floods. Discussions bog down in controversy partly because there is so little research basis for relating the different types of forest clearing to different aspects of the flooding problem. For example, is the supposed increase in flooding that follows forest clearing due to the elimination of tree cover itself or to the abusive land use that usually follows tree felling? Are both upstream and downstream flooding affected? Does forest clearing increase only the peak discharge, or does it also increase the total volume of floodwaters released? Through analysis of a unique set of watershed data from the Coweeta Hydrologic Laboratory, Franklin, North Carolina, we hope to provide new insight into these questions.
Foresters and soil conservationists usually think of forest as the best cover to minimize flooding and flood damage. For example, Hoover and Hursh [1943] concluded that forest land up to about 3000 feet above sea level in the Southern Appalachian Mountains produces 'only small amounts of stormflow' but that misuse of these same lands produced 'measured peaks of 800 to 1200 second-feet per square mile. . . .' On the other hand, Hoover [1944] reported that peak discharges were not significantly affected by clear-felling a 33-acre watershed. The concentration on peak discharge rates, often from plots or experimental watersheds a few acres in size, is characteristic of nearly all studies and reports of the influence of forests and land use on floods. Many papers imply, perhaps unintentionally, that infiltration is so reduced after forest clearing that great volumes of storm water run overland to stream channels and increased flooding is largely due to this overland flow. In this paper we shall attempt to separate the effects of forest clearing alone from the effects of soil abuse during and after logging. Anderson and Hobba [1959] analyzed storm peaks and frequencies on 75 forested and logged watersheds of the Pacific Northwest. They concluded that '. . . clearcutting and forest fires have increased floods from the watersheds for both rain-snowmelt and snowmelt floods' and that peak discharges decreased as the forest regrew. But the authors did not show exactly how the cutting and fires brought about these changes, and therefore we cannot judge whether infiltration was severely impaired, whether the lack of forest cover increased snowmelt rates, or whether less evapotranspiration from cutover lands reduced soil retention storage and thus increased flood discharge.
Except for two papers [Reinhart, 1964; Nakano, 1967] , the effect of forest cover on storm flow volumes, rather than peak rates, has received little specific attention in the literature of hydrology, although a few have speculated on the volume aspects of the forest-flood question. Stevem [1943] made the first clear reference we found to the theory that greater evapotranspiration from forests, relative to other cover types, provides more storage in the soil reservoir and thus reduces the amount of floodwater released after storms. He put it this way: 'The possibility of increasing the ability of a watershed to retain infiltrated precipitation is limited to the ability of watershed management programs to increase [evapotranspiration] , thus making available a greater portion of the existing storage capacity at the time of flood-producing rainfall. ' Wilm [1944] was more specific, saying that'. . . for maximum protection against floods, the forest should be kept as dense as possible so as to promote maximum consumption and storage of flood-producing precipitation. ' Lassen et al. [1952] in a summary discussion of the influence of vegetation on floods stated that '. . . vegetation contributes [to flood protection] by taking water out of storage by transpiration' (they neglected the additional role of interception loss) and that this additional 'storage opportunity becomes especially significant as a means of reducing the possibility of floods in periods of heavy rainfall during the growing season. The amount of storage space at such times will depend largely on how much water has been removed by vegetation since the last rain. ' Reinhart [1964] and Nakano [1967] brought these ideas to their present level. Reinhart's data, averaged over 19 relatively small flood flows (less than 1 inch of storm flow), indicate a poor statistical level of significance but suggest about 7% increase in storm period discharge caused by the harvesting of all salable material from a 78-acre catchment in West Virginia. Failure to separate storm flow from storm period discharge makes it difficult to compare treatment and control, but Reinhart explains the apparent increase in flood volumes by reference to greater evapotranspiration, and thus larger soil moisture deficits, before the timber was cut. The storms were so small, however, that the results were rather inconclusive.
Although Nakano's [1967] paper gives no details about how direct runoff was separated from total streamflow and also leaves doubt about the exact nature of the treatments imposed on a 6-and a 43-acre catchment in Japan, he presents convincing evidence that the volume of direct runoff from storms above 8 inches of rainfall increased perhaps as much as 50% after cutting, logging, stump grubbing, and burning forest stands. His data, though highly variable, embrace hundreds of direct runoff values, including several due to rainstorms in excess of 16 inches. Some peak discharges increased and some decreased; according to Nakano, 'the increases and decreases significant at the 0.05 level were few/ but some individual storms with a peak rainfall intensity of 1 to 2 inches per hour showed increases in peak flow of 100%. Such dramatic changes suggest severe soil disturbance and overland flow as the main cause, but Nakano also suspected reduction in transpiration and interception after harvesting to be a contributing factor.
Forest evapotranspiration and the differential soil water deficits under forest versus other cover types might also be expected to affect the time to peak, the recession time, and the duration of the storm hydrograph, but we found little or no explicit reference to these aspects of the problem. However, Snyder [1955] used unit hydrograph analysis in an attempt to show that winter runoff was delayed while forest cover regrew on the White Hollow watershed in Ten-nessee. Unfortunately, the unit liydrograph method works poorly on these forested watersheds [Hibbert, 1961] . The influence of evapotranspiration on floods, specifically as greater evaporation from forests affects soil retention storage, remains largely unproved and speculative.
THE EXPERIMENT
This paper reports what is probably the first statistically adequate test of the hypothesis that evapotranspiration by forests has a measurable influence on the storm liydrograph and therefore on floods. Setting aside all consideration of overland flow due to inadequate infiltration, and the confounding influences of forest on snowmelt, the effects of complete clear-felling of a hardwood forest on floodwaters produced by 107 major storms (from 2 to 12 inches of precipitation and from 0.3 to 7 inches of storm flow) were measured on a pair of about 110-acre watersheds at the Cowetta Hydrologic Laboratory in the Nantahala Range of the southern Appalachian Mountains. The elimination of the effects of overland flow and snow--melt on the hydrographs was possible because the forest clearing was not commercial (no logging, skidding, or roads) and because the infiltration capacity of these undisturbed forest soils, chiefly sandy loams, exceeds 50 inches per hour, far above any probable rainfall intensity. Finally, snowmelt hydrographs are rare and seldom connected with flooding at these latitudes (35°N).
This unusual opportunity to observe storm peaks and volumes under controlled conditions both before and after forest clearing occurred in connection with a long-term experiment by the Forest Service to determine the effect of forest clearing on total water yield of watersheds above 3000 feet in the southern Appalachians. The two adjacent watersheds were gaged together (calibrated) for 18 years before all the woody vegetation on one (108 acres) was cut to the ground in 1963. In effect the treatment reduced a mature hardwood forest from 50 to 85 feet tall to a 2-to 4-foot layer of slash, which rotted down further during the next 3 years as a coppice regrew. The increase in total yield from the cleared catchment was estimated at 10.4 inches (18% of pretreatment mean yield) the first year, or about 280,000 additional gallons per acre of forest felled. During the second year the annual increase dropped to 3.6 inches (6%), and during the third year it remained at 3.7 inches (&%). The fact that forest clearing increases water yield has been verified by similar experiments from various humid regions of the world [Ilibbert, 1967] .
The contiguous watersheds (Figure 1 ) extend from about 3400 to 5280 feet above sea level, and the average annual rainfall is 90 inches, affording about 5 major storm events per year for analysis. Mean annual streamflow is 60 inches. Average land slope is about 70%, very steep for eastern regions; small rock outcrops are almost vertical. The soil mantle is derived from mica schist and gneiss and appears to be shallow at the upper ridges. However, deep colluvial deposits along the stream channel and deeply weathered material along lateral ridges afford enough storage to maintain base flow above 1 cfsm throughout the year. The concrete weir walls are poured on bedrock; very little base flow and no storm flow 7 escapes measurement. Only small amounts of channel sediment and debris come with storm flow from these mountain forests; therefore the 120-degree crested weirs give excellent paired records of discharge accurate to within about 1.5% of total streamflow. The forest floor affords complete soil coverage but averages less than 3 inches in depth to mineral soil. An analysis of the hydrologic response [Hewlett, 1967] of the entire Coweeta basin indicated that even under forest the higher elevations normally deliver about 18% of the average annual precipitation as direct runoff. The total annual storm flow averages 15 inches. In both the control and the experimental watersheds, the overstory was mostly northern red oak, other oaks, maple, and birch; rhododendron and laurel in the understory made up about 25% of the total basal area of 120 square feet per acre. Only a few logs had ever been removed from the basin, none since 1920.
The basic data for this study were available in form of the output from Hewlett and Hibbert's [1967] event analysis program, now used in several small watershed research programs across the country. Their method of flow separation of the liydrograph is illustrated in Figure  2 good basis for an analysis of the kind we present here. The components of the storm hydrograph defined in Figure 2 and listed in Table 1 are based on the 0.05 cfsm per hour separation slope. The O.OS -cfsm per hour separation slope is included in Figure 2 to illustrate how the storm parameters change with the separation slope. Based on previous work [Hewlett and Hibbert, 1967] , we have standardized on the 0.05 cfsm per hour separation slope.
Seventy-seven storms from the calibration period, ranging on the control basin from 0.3 to 6.3 inches of quick flow (equivalent to direct runoff but so called to avoid confusion with other methods of flow separation) were selected on the basis of storm size and the regularity of the rainfall event that produced them. The flow separation method rejected events resulting from many days of intermittent rainfall by separating them into smaller, sometimes negligible, events. If events did not separate on both control and treatment basins, they were rejected. A random selection of small events was included to tie down the lower end of the regression rela- tion. The sample included all the major events of record from 1943 to 1963. Fortunately we were able to secure almost the same range (0.3 to 6.7 inches) in the 30 largest events of the treatment period (1964) (1965) (1966) (1967) . Several of these events approach the 100-year return period magnitude, although a reliable estimate of the 100-year flood peak (or volume) is not yet possible with these data.
A particularly interesting set of two storms 6 days apart in September and October of 1964 approached the 100-year return period for 7 days' duration [Weather Bureau, 1964] . Together these two storms dumped 20.3 inches of rain on the basins in about 7 days; the flood stage in the Little Tennessee River 10 miles below was about 2 feet higher than the previous record flood of 1898 [Tennessee Valley Authority, 1965 . These two events, coming as they did during the first year after cutting, are included in the statistical analysis but will be singled out for special treatment later on because of their exceptional magnitude.
THE ANALYSIS
Many stepwise regressions were computed using all 107 events, with a dummy variable equal to -1 for the calibration period and equal to +1 for the treatment period [Draper and Smith, 1966] . About 40 interactions and transformations of the flow parameters and treatment were generated by the UCLA stepwise regression program designated BMD02R; only 16 were judged worth listing in Table 1 . The authors are aware of the theoretical objections to linear multiple regression analysis where the independent variables are not truly independent. However, the nature and magnitude of these field experiments leave us no alternative but the paired watershed method and regression analysis; no better method is available. The control watershed serves as the best control we can get over the seasonal and climatic effects on the dependent variable [Hewlett et cd., 1969] . We were careful to examine and reject marginally significant correlations, which in the context of prior knowledge of the behavior of these and nearby watersheds did not make clear hydrologic sense. No independent variable was included in the equations unless the significance level of the b coefficient of that variable exceeded 0.05. Several nearby catchments (up to 1800 acres) have continuous hydrologic and meteorologic records since 1934, affording many years of experience with the local hydrology. For different experimental purposes, many of these have been analyzed by similar methods.
In order to be sure that the selection of an arbitrary separation slope (0.05 cfsm/hr) was not controlling the results of the analysis in some unforeseen manner, the basic data were run through the computer a second time using a slope of O.OS cfsm/hr, thus generating a new set of hydrograph data. This procedure did not change the peak Q or antecedent flow q rates materially, but on both catchments it reduced the average value of quick flow-V by 16%, duration D by 22%, time to peak L by 11%, and recession time R by 27%. The reduction in time to peak was unexpected but is easily explained by the reduced sensitivity of the 0.08 slope to small early rises in the hydrograph at the beginning of rainfall (Figure 2 ). The reduction in D was clearly clue to later initiation and earlier termination of the storm hydrograph by the steeper separation slope.
THE RESULTS Equations for each of the five basic components of the hydrograph before and after treat- * Sine of the day counted from December 21 = day zero; the day number was then converted into radians to compute the sine. ment were computed using several regression models. Analysis by the 0.08 slope gave virtually the same equations and the same F tests for treatment effect (if any) in all cases. We took this agreement as a good indication that the separation technique was not affecting the analysis of the treatment effects, except to reduce all quantitative values by a certain percent.
With V, (quick flow, subscript t denoting treatment watershed) as the dependent variable, three predicting variables significantly entered the equation, including the treatment interaction T X V c (subscript c denoting control watershed):
The F ratio to remove each of the variables indicated that their respective coefficients differed from zero at the 0.001 level of significance. The multiple r (fraction of total variation in F, accounted for) was 0.982, and the standard error of the b coefficient of treatment effect was 0.010 (15%). Less than 2% of the total variation in quick flow is unaccounted for. The presence of the precipitation variable P, indicates that storm size affects the basic, correlation between the two basins: this effect was verified by running a separate regression on the calibration data only. The calibration and treatment equations may be separated simply by substituting -1 for calibration and +1 for treatment in place of the variable T. The increase in F, due to felling the forest is positively related to size of the event; the greater the flood, the greater the increase due to cutting. Nakano [1967] , with a standard error of 0.18 inches of quick flow around the predicted value, visually reinforce the F test of significance and reveal increases of 0.5 to 1.0 inch in quick flows larger than 2.5 inches. The plotting seems to suggest that further increases in storm flow may not elicit any further increase in treatment effect. However, insufficient data above 5 inches of quick flow prevent a rigorous test for nonlinearity in the treatment interaction T X V c . Whether or not a linear effect exists, there is good evidence in Figure 3 that clear-felling the forest increased the volume of water yielded by mountain headwaters 11% on the average, with an apparent maximum percentage increase per storm of about 25% during the storm of September 28, 1964. In these deep soils, quick flows below 1 inch do not seem to be much affected by clearing.
Since the volume of water discharged during storm flow has increased following forest clearing, one might expect even greater increases in the peak flow Q,. But peak discharge is relatively more variable than quick flow volume; for example, in these data the coefficient of variation of V was about 7%, whereas that of Q was 70% of its mean. The variable nature of Q on small catchments is due partly to the physical properties of the channel network and partly to the vagaries of rainfall intensity /. Therefore the appearance of / in the prediction equation for Q, is no surprise, nor was the association of the treatment effect with / unexpected:
The equation has a multiple r of 0.948, implying that about 5% of the variation in Q remains unaccounted for. The variable / may be interpreted reasonably enough as a relative index of the effectiveness of rainfall intensity in producing peak discharge on the two catchments before treatment. The interaction T x I was barely significant at the 0.05 level (standard error of the b coefficient equals 0.11 or 40%), but its sign suggests that after treatment the greater the intensity of the storm, the greater the effect of forest felling on Q,. The T X I interaction is logical because the cutting of trees and shrubs eliminated much of the interception storage of rainfall along the channel, exposing storm swollen streams to the direct influence of bursts of high intensity. The interaction T X V c did not approach significance at any step in the regression, suggesting that the 11% increase in V t , coming as subsurface flow, had a minor influence on the peak rate. Taking into account the lack of overland flow on these heavily mulched, porous, granitic soils, it would appear that the poorly demonstrated and rather minor increases in Q, were clue more to the exposure of the channel directly to rainfall than to increased V t .
The mean maximum 1-hour rainfall per storm was 0.61 inch. At this mean, the effect of treatment on Q, was roughly 6 cfsm or about 7% at the mean Q, of 92 cfsm. tember 2s and October 3, 1964. These two unusual storms require special discussion later.
The effect of clear-felling on storm peaks does not seem quite conclusive in this experiment, but even if accepted as proof that forest cutting affected storm peaks, the analysis shows that the increase is relatively minor. In this sense the present study verifies Hoover's [1944] conclusion, based on limited data, that clear-felling a nearby watershed in 1941 did not increase storm peaks.
Time to peak L, was clearly not significantly affected by forest clearing. Regression analysis produced this simple and accurate relation:
The f was 0.996 and the standard error of estimate was 1.5 hours. No treatment variable even approached significance. Quick flow duration D, was also not changed significantly by clear-felling: D t = 12.58 + 0.957(Z) C ) -1.553(g c ) (4) The multiple r was 0.985 and the standard error of estimate was 4.4 hours. Antecedent flow q c seems to affect the relation between the two basins, but treatment did not approach significance at any step in the regression.
A separate set of regressions was run on recession time R = D -L, which revealed that R, also was not significantly affected by treatment:
R, = 11.13 + 0.959(/i! c ) -1.442( ( yJ
The f was 0.976 and the standard error of estimate was 4.4 hours. The antecedent flow rate f/ c affects the calibration relation, indicating that when q, is large, predicted recession time on the treatment watershed tends to be smaller, as in the case of duration of quick flow.
To summarize the analysis of timing components L, D. R of the hydrograph, it appears that clear-felling the forest had little or no effect. The 1.5-and 4.4-hour standard errors in estimating the timing parameters make it impossible to say definitely that the timing was not changed at all by treatment, but it seems unlikely that any hidden timing differences are of much importance. It appears in general that any hydrograph parameter must be altered by at least 10% of its mean value before the paired watershed method can detect it as significant as the 0.05 level.
The storm sequence of September 28 to October 5, 1964, is worth special attention for two reasons. First, it produced the largest regional flood on record [Tennessee Valley Authority, 1965] . Second, the storm flow peak from the cleared watershed was much higher than predicted in the October 3 storm. These two data show up as extreme values in Figure 4 , weakening the test of significant change in peak discharge. A set of 11 recording rain gages over the entire 4500-acre Cowecta basin outside the present experimental area permits development of isohyetal maps of the basin for all storms. Figures 5 and 6 show such isohyetal maps for the two storms in question. Computed by the isohyetal method, the treated basin received about 0.5 inch more rain on September 28 than the control basin. We have no reason to believe there was a difference in intensity between the two basins, but the maximum 1-hour rainfall / in the first storm was 2.1 inches, whereas in the second it was only O.S inch. Judging from many years of previous data, the first storm produced an unusual isohyetal pattern and an exceptional intensity for the area, contrasting strongly with the more normal isohyetal pattern and intensity of the subsequent storm of October 3. The first storm produced an extra 1.2 inch of quick flow from the cutover catchment; the second produced an extra 0.7 inch. Thus clearing appeared to increase quick flow for the whole flood sequence from a calibration estimate of 8.7 inches to the measured value of 10.6 inches, an increase minus quick flow) during the first storm (from which one might conclude that the difference in soil water storage between forest and nonforest was cancelled) the effect of forest clearing on storm flow volume was substantial during the second storm. The effect on peak rate of discharge seems uncertain but may be related to the sensitivity of peak flows to rainfall intensity. The high intensity of the first storm, coupled with its greater magnitude on the cleared basin, may have had an overriding effect in producing rapid channel expansion in the absence of tree cover. The highest flood stage in the valley 10 miles below was produced after the second storm on October 3; therefore the practical effect of forest cutting on such a flood is probably related more directly to the persistent influence on flood volume than to the uncertain influence on upstream peak discharge.
DISCUSSION AND CONCLUSIONS
In view of the unusual degree of control in this experiment, any undetected changes in the hydrograph are not apt to be either predictable or of practical importance.
To summarize the analysis, Figure 7 was drawn to give an ocular impression of the mean Table 2 , shaped to match a typical rise and fall. The mean treatment values are added, and the increase in quick flow due to clearing is shaded in to suggest the distribution of the increase.
values of various parameters of the storm hydrograph before and after cutting the treatment watershed. The mean increments due to treatment were added to the mean pretreatment hydrograph, and the rising and falling limb of the hydrograph were fitted to yield the mean quick flow and the 11% mean increment in quick flow. It was assumed that the rising and falling of the hydrograph were conservative in response and remained similar in slope. Cutting forest trees and shrubs definitely increased quick flow volume V,, probably mostly during the recession phase. The peak flow rate is increased less importantly, and the timing factors are affected only in a minor way, if at all. The distribution of the increase is speculative in part but represents the authors' best estimate from the information at hand.
Noting the drastic reduction in the total annual yield increases (from 10.4 inches in the first year to 3.6 in the second), one expects a similar reduction in storm flow increases due to cutting the forest. However, no significant time trend was detectable in the 30 treatment cases from 1963 to 1966, possibly because of fewer storm samples during the last year. The extreme right value in Figure 3 , representing the estimated effect of treatment on quick flow during the 10-day flood sequence of February 8, 1966 might suggest some decrease in the effect of treatment. But this storm was during a season of high antecedent moisture storage on both basins and no firm conclusion can be drawn about this one exception. It would be mere speculation to conclude on the other hand that treatment effect was more persistent in storm flow than in total annual yield, although if we consider future research efforts there is some ancillary evidence to support such a hypothesis. The question of persistence during regrowth remains to be settled.
For several reasons the definite increase in quick flow volume is more important hydrologically than the relatively small, and in any case uncertain, changes in instantaneous peak flow. Downstream flood peaks are produced by the gathering together of the volumes of storm water discharged by the headwaters, rather than by superposition of the peaks, which are usually staggered in time and attenuated to avoid piling each tributary peak on top of the others. The volumes are more additive than the peaks because the timing is not so critical and because each inch of quick flow from the first order basin tends to contribute almost proportionately to the peak flood stage in the large valley below.
Because upstream volumes of storm flow produce downstream flow peaks, one is tempted to reason that 11% less quick flow under forest cover has a direct influence on downstream flooding, although the percentage reduction in the downstream peak will, because of attenuation of the hydrograph in the channel system, be less than the percentage reduction in the headwater quickflow. On the other hand, similar changes in peak discharges from first order basins are rather easily produced, sometimes merely by channel straightening, streamsicle roadways, or cultivation of a patch of ground near the stream. Depending on the extent, and severity of channel disturbance, these changes may or may not be accompanied by important changes in storm flow volumes. Peak changes are often pointed up in the literature of hydrology as proving the effect of land use on flooding, but it should be noted that a demonstrated increase in peak flow from a small watershed is insufficient evidence to prove an influence on valley flooding. Though more difficult to measure than the peaks, volume increases, or increased rates of discharge throughout the storm flow period, are the real link between cause and effect in the forest-flood question.
Source area storm peaks were shown to be affected only slightly by forest clearing in this study, but it must be borne in mind that unlike the treatments that Nakano [1967] and Reinhart [1964] describe, the forest floor was not disturbed by road building, cultivation, or grazing. Because water moves readily into these porous soils, storm flow both before and after clearing was entirely suburface except for precipitation on expanding channels. Thus we can draw the clear conclusion that the tendency for forests to evapotranspire more water than cleared land can indeed decrease major flood peaks far downstream by withholding more storm water than the cleared land. The reduction in storm flow due to evapotranspiration by forest versus cleared land in the southern Appalachians appears to be limited to about 20% even in major flood events. Nakano's [1967] report suggests reductions as high as 30%, but it is difficult to compare results because his method of hydrograph separation is not reported and because overland flow was involved.
The two sequential storms in September and October of 1964 reveal both the strengths and weaknesses of regression analysis as applied to the paired watershed experiment. Undoubtedly the first flood flow had an influence on the second that was not entirely accommodated by the regression models chosen to test the treatment effects. There was no such sequence of exceptional storms in the calibration data, and it was furthermore unfortunate that the two storms were so dissimilar in pattern and intensity. Despite these difficulties, the results are interpretable, and we seem to have a fairly clear answer to the more important aspects of the problem at hand. Clear-felling did add substantial amounts of floodwaters to the valley below during that part of the 7-day event that produced the most damage and highest peaks in the town of Franklin, 10 miles downstream. If there was any effect on the upstream peak discharge, it occurred during the first storm, not during the period of maximum hazard below.
Again it is noted that in the absence of substantial overland flow, peak discharges in the headwaters are chiefly a matter of rainfall intensity and channel factors, whereas storm flow volumes, the real cause of floods, will be affected by any factor that controls the storage capacity (the hydrologic depth factors) of the entire basin. In this case, greater evapotranspiration by full forest cover appears to be the important difference in the storage factor, and the changes in peak flows from the source area are incidental.
The variable source area concept [Hewlett, 1961; Hewlett and Hibbert, 1967] helps put these results into useful perspective. In reference to storm flow, the variable source area refers to the fact that surface and subsurface quick flow from a particular basin are generated by an expanding and shrinking zone that originates at the perennial channel and responds to rainfall by lengthening the channel network into draws, roads, and shallow areas and by expanding the subsurface zones of excess soil water. Together these constitute the hydrologic depth factors often referred to but hard to quantify. As the channel network (and thus the water surface) expands under rainfall, more of the incoming rain is intercepted by the channel itself. Under these conditions any increase in rainfall intensity will have a rapid effect on the hydrograph (the flash flood response). Clearing the forest will enhance this effect by eliminating interception storage and thus delivering rain directly to the expanding channel; therefore clearing along the stream and its storm period extensions can be expected to have a quick effect on peak rates of discharge. The effect on the volume will be small unless it is augmented by substantial overland flow. When most of the storm water comes from deep soil mantles and streams as a consequence do not grow rapidly, peak flows are not greatly affected by clearing; such was the case in this study. However, as the subsurface source area expands during rainfall, it brings into play ever larger volumes of moist soil upslope, which may have been partly dried by drainage and evapotranspiration in the previous weeks, depending on the vegetal cover, the steepness of the slopes, the depth of the porous mantle, and the time of the year. In this study, cutting the forest reduced evapotranspiration draft and favored higher soil water contents throughout the length of the watershed slope, a fact verified by other studies of increases in total water yield. When rain occurs on these initially more moist slopes, the source area expands rapidly and produces higher discharge than would be the case if the forest were still present. Since some travel time within the soil mantle is involved, the delivery of the water is not as immediate as in the case of channel precipitation or overland flow; therefore discharge may be lagged somewhat in time but not enough to prevent its classification as quick flow. Hydrologists have often noted that subsurface storm flow will form a second peak on the hydrograph, sometimes hours after the channel precipitation peak has occurred.
The year-round persistence of the influence of clear-felling on quick flow can be attributed to the fact that few storms deliver enough rain to cancel out soil water deficits from channel to ridgetop all over the basin. If soil mantles are deep, there is always a part of the basin's storage capacity that has not been used, and additional rain may still be stored to satisfy the soil water deficit created by drainage and forest evapotranspiration. During the second of the large storms discussed above, the upslope soil water deficits not satisfied in the first storm were partially satisfied at the expense of quick flow in the second. If the soils had been shallow, the 6.4 inches of stored water during the first storm should have satisfied all deficits, and the presence or absence of forest would have made little difference during the second storm. However, the fact that the average drainage basin in the eastern United States discharges only 10% of its average annual precipitation as quick flow [Woodruff and Hewlett, 1970] suggests that basin storage is normally adequate to permit some vegetal influence on storm flow.
Are these results of practical importance? Is forest cover in general an effective means of reducing downstream floods through its greater propensity for water consumption? Even though the test had the nature of a critical experiment, showing at least that there is definitely a measurable effect, this question cannot be answered completely. Aside from the question of representativeness of the experimental pair, which merely indicates the need for pilot tests in other regions, two other important considerations remain. One, the question of exactly how the accumulating increments in flow from numerous tributaries (some forested and some not) will affect the downstream peak, can probably be solved basin by basin using routing and computer techniques. It stands to reason, however, that the percentage effect of a soil moisture deficit on downstream flood peaks will be less than the demonstrated percentage effect on upstream quick flow, mostly because of channel storage and lag.
The second and more difficult question concerns the frequency with which a combination of hyclrologic depth factors, antecedent water storage, precipitation intensity, and forest removal might seriously affect flooding and flood damage downstream. It has always seemed reasonable in the past to say that when the basin is well charged with water, the floodwater retention advantages of the forest should be reduced, if not eliminated altogether; this uncertainty should also reduce the probability that the flood prevention capacities of the forest soil can be relied on throughout the year by the design engineer, since in this case flooding would be independent of cover type per se.
Although this reasoning sounded plausible, it is significant that our analysis failed to detect interactions between treatment effect T and any antecedent storage variable (sine of the day or antecedent flow) despite a liberal sprinkling of data from all seasons of the year. It appears that even under the humid climate of the southern Appalachians moisture deficits on forested slopes have a persistent year-round effect on quick flow, if not on storm peaks. In regions with pronounced wet and dry periods (for example a Mediterranean-type climate), the time of the year may or may not be a larger factor than it was in our study.
Nakano [1967] appears to have concluded that low antecedent flow is associated with large increases in direct runoff due to forest clearing; however, the fact that overland flow changes were involved in his data may explain why our findings fail to verify his observation in this respect.
Complete answers to old questions, particularly when surrounded by years of controversy, are slow in coming. Although our study, derived from an excellent long-term set of data, was limited to a particular latitude, altitude, climate, and forest soil condition, and was aimed at only part of the complex role of land use on floods, we feel that a definite answer to at least one old question is at hand. The felling of forest stands and the consequent reduction in evapotranspiration alone can increase the amount of floodwaters yielded from a large rainstorm in amounts of the order of 0.5 inch per flood. Therefore forest vegetation plays a definite role as a practical factor in downstream flooding even where cutting does not disturb the soil's infiltration capacity. It remains for the flood control engineer to tell us whether the extra retention of up to an inch of direct runoff by forested versus nonforested headwaters during major floods is of sufficiently practical importance to require more explicit accounting for forest cover per se in flood protection plans.
The nature of these conclusions in a realm of former controversies impelled us to include the summarized basic data from which the conclusions were drawn (Table 2) . We would welcome any reasonable interpretation of the data or the experiment that may be in conflict with our own. 
